The maximum work rate of animals has recently been suggested to be determined by the rate at which excess metabolic heat generated during work can be dissipated (heat dissipation limitation (HDL) theory). As a first step towards testing this theory in wild animals, we experimentally manipulated brood size in breeding marsh tits (Poecile palustris) to change their work rate. Parents feeding nestlings generally operated at above-normal body temperatures. Body temperature in both males and females increased with maximum ambient temperature and with manipulated work rate, sometimes even exceeding 458C, which is close to suggested lethal levels for birds. Such high body temperatures have previously only been described for birds living in hot and arid regions. Thus, reproductive effort in marsh tits may potentially be limited by the rate of heat dissipation. Females had lower body temperatures, a possible consequence of their brood patch serving as a thermal window facilitating heat dissipation. Because increasing body temperatures are connected to somatic costs, we suggest that the HDL theory may constitute a possible mediator of the trade-off between current and future reproduction. It follows that globally increasing, more stochastic, ambient temperatures may restrict the capacity for sustained work of animals in the future.
Introduction
Rates of resource acquisition and assimilation determine the amount of energy that animals can allocate to different activities and physiological processes. This, in turn, will influence major trade-offs such as future versus current reproduction and quality versus quantity of progeny, ultimately affecting life-history strategies [1] . Thus, it is not surprising that limitations to sustained rates of energy expenditure have attracted much research interest during the last four decades (e.g. [2, 3] ).
This work has resulted in the formulation of several hypotheses explaining limitations to the amount of work an animal can perform. (i) Environmental limitation: as energy expenditure needs to be fuelled by energy intake, limitations of food availability will restrict work rates, resulting in behaviours such as migration and hibernation to avoid seasonal reductions in food availability. However, access to such resources alone cannot always explain limits to sustained energy expenditure, because studies have shown that animals under ad libitum conditions may still be restricted in their work output. (ii) Central limitation: this hypothesis posits that maximum energy expenditure is limited by the capacity of the alimentary tract [2] . In line with this hypothesis, hummingbirds sometimes perch 75% of the day despite their very high energy requirements, probably owing to constraints on the rate of digestion [4] . (iii) Metabolic theory of ecology: according to this hypothesis, energy expenditure is constrained by the rate at which the circulatory system can deliver nutrients to organs and tissues [5] . Thus, even when energy intake is plentiful and the alimentary tract can process the food fast and efficiently; the distribution of energy to tissues sets the limit to maximum working capacity. These three hypotheses view limitations as inadequate provision of energy to the effector organs/tissues. By contrast, (iv) peripheral limitation: posits that the capacity of the effector organs themselves, such as the ability of muscles to produce physical work and mammary glands to produce milk, constrains maximum work rate [3, 6] .
These four hypotheses stress the importance of intrinsic rate limits on animal tissues, either owing to sub-optimal assimilation and/or nutrient delivery, or the limited working-capacity of effector organs. Recently, an alternative hypothesis was suggested, the (v) heat dissipation limitation (HDL) theory, proposing that the sustained rate of energy expenditure is limited by the capacity to dissipate excess heat produced as a by-product of all metabolic processes [6] . In a series of classical experiments in laboratory mice during lactation (the most energy demanding activity for female mammals), Hammond & Diamond, and Speakman and co-workers found that females that were manipulated to work harder (via experimentally increased litter size) did not increase food intake and did not produce more milk, despite the fact that the need of the pups increased [7, 8] . As a consequence, pups were malnourished and grew slowly and were sometimes even killed by their mothers. These obvious limitations to sustained work rate can be explained by all but the environmental limitation hypothesis (as the mothers were fed ad libitum). However, when lactating females were exposed to cold temperatures (88C), they responded by increasing food intake and milk production and so raised larger pups than females in warmer (218C) environments [9] . Lactating females exposed to even warmer (308C) ambient temperatures decreased food intake and milk production and consequently produced smaller pups than females in other environments [10, 11] . Because these results were not compatible with any of the previous (i-iv) hypotheses, Kró l & Speakman [6, 10] formulated the HDL theory to explain the beneficial effect of cold temperature on reproductive performance. This theory subsequently received experimental support, as shaving the back of lactating females to facilitate heat dissipation resulted in increased food intake and milk production ( [12] ; but see [13] ). Thus, to avoid detrimentally high body temperatures [14] [15] [16] , control females could not employ heat-generating processes to the same extent as shaved females, and, therefore, could not work as hard.
No studies to our knowledge have directly investigated the HDL theory in wild animals in their natural environment. However, male weasels (Mustela nivalis) decreased activity and energy expenditure during days with high ambient temperatures, a result that is consistent with the HDL theory [17] . Furthermore, Guillemette et al. [18] found that flight bouts in migrating eider ducks (Somateria mollissima) are terminated when body temperature approaches a critical level of hyperthermia, and that birds extend both the total time spent flying and maximum flight duration when their rate of heat storage is lower.
As recently suggested [19] , testing the HDL theory in bird models could be especially interesting in view of the higher and more variable body temperatures in this homeothermic lineage compared to mammals [20] . Small birds might be particularly interesting study objects in this context, on account of their higher mass-specific metabolic rates and higher body temperatures [21] . Thus, we manipulated brood size during the nestling feeding stage (which is one of the most energetically demanding times of the year) under a range of ambient temperatures in wild marsh tits (Poecile palustris). Parents taking care of experimentally enlarged broods commonly increase their feeding rate and work load both in marsh tits [22] and in other passerines (e.g. [23] [24] [25] ). However, nestlings in enlarged broods are typically significantly lighter than those from control and reduced broods [26] , indicating that parents are not fully able to compensate for the extra young. Thus, parental energy expenditure is probably either reaching a ceiling, or is traded-off against costs of a further increase in effort. Small passerines have a high daytime body temperature that increases rapidly during flight. We, therefore, predicted that increasing parental effort would result in higher body temperatures and that work rate would be constrained at very high body temperatures, and that any such treatment-related effects would be more pronounced at higher ambient temperatures.
Material and methods (a) General methods
This study was performed during the breeding seasons of 2010 and 2011 in a nest-box breeding population of marsh tits at Revingehed, 20 km east of Lund in southern Sweden (55842 0 N, 13828 0 E). Nestboxes were wooden and of standardized size (outer dimensions: 220 Â 125 Â 95 mm (height Â width Â depth); material thickness 22 mm), with a circular entrance hole of 26 mm that prevented entry by dominant great tits. The nest-box area covers 64 km 2 of small deciduous woodlands surrounded by permanent pastures. During the breeding season, we visited the nest-boxes once a week to determine the day of the first egg (under the assumption that one egg is produced per day) and clutch size. To determine the exact date of hatching, boxes were visited daily from one day before estimated hatching to hatching of at least half the clutch. Marsh tits, which are sedentary in the area, are small (10-12 g), cavity nesting passerines that readily uses nest-boxes for breeding. Females at the study site produce a clutch of 5-11 eggs with yearly averages usually between seven and nine eggs [27] . Females incubate alone and both parents feed the nestlings for 19-21 days [28] .
(b) Experiment
We created enlarged and reduced broods by moving three or four, six-day old nestlings from reduced to enlarged broods. This resulted in reduced broods being 44.3% (s.d. ¼ 5.5) smaller and enlarged broods 44.8% (s.d. ¼ 7.4) larger compared to their original brood size [26] . We matched the manipulated broods pairwise with respect to hatching date and choose the pairs to minimize travel distance. Unmanipulated broods served as controls and were evenly distributed over the hatching date period of manipulated broods. We manipulated 39 pairs of broods (mean brood size (+s.d.): 4.28 + 1.25 and 12.41 + 1.24 in reduced and enlarged broods, respectively) and assigned 46 broods to be controls (7.84 + 1.48). A total of 66 broods were included in the experiment in 2010 and 58 in 2011. Laying date and original clutch size did not differ between the three brood categories in any of the years (ANOVA, p . 0.15 in all cases). For a detailed description of the manipulation procedure, see [26] . Sample size was reduced owing to predation of one of the parents or the brood. The difference between sample sizes reported here and those in Nilsson & Nord [26] is owing to additional predation events between the nestling days 10 and 14. Thus, the final sample size in this study included 28 To investigate the effect of parental effort on nocturnal body temperatures, we captured females while they roosted among their brood 9 or 10 nights after hatching. This showed that hardworking females became more hypothermic at night than control females [see 26] . When nestlings were between 13 and 19 days old, we captured the male and the female when they were feeding their nestlings. Upon entry into the nest-box by one of the parents, we ran from a hidden position 20-30 m from the nest-box and swiftly captured the parents within 10-15 s of them entering the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180652 nest-box, which ensured standardization of flight/feeding behaviours prior to measurements of body temperature. The majority (80%) of birds were captured on day 14. We managed to capture all males, but two females (tending a control and an enlarged brood, respectively) eluded our capturing efforts. Of the parents captured at nestling day 14, eight females and 11 males were also captured during the next day, which enabled us to calculate body temperature repeatability between days. It turned out that body temperature between days were significantly repeatable for both females (r ¼ 0.62; n ¼ 8; p ¼ 0.029) and males (r ¼ 0.72; n ¼ 11; p ¼ 0.0028).
Within 10 s (usually within 5 s) of capture, we measured core body temperature with a Testo 925 digital thermometer (Testo AG, Lenzkirch, Germany) equipped with a type K thermocouple (Ø ¼ 0.9 mm; ELFA AB, Järfälla, Sweden) calibrated by an accredited calibration laboratory (Nordtec Instrument AB, Göteborg, Sweden). The thermocouple was inserted 12 mm into the cloaca (deeper insertion did not alter the temperature readings as tested during pilot measurements) and we obtained three body temperature readings with the thermocouple in place (inter-reading repeatability; females: r ¼ 0.97; n ¼ 89; p , 0.001; males: r ¼ 0.95; n ¼ 91; p , 0.001 [29] ; average used in analyses). Body temperature was stable during the 10 s measurement period i.e. between 10 and 20 s after capture. In males, body temperature decreased by, on average, 0.0188C (s.e. ¼ 0.011) between the first and the third reading. In females, the corresponding body temperature decrease was 0.0098C (s.e. ¼ 0.013). At this time, we also weighed (to the closest 0.1 g) the parents and measured their wing (to the closest 0.5 mm) and tarsus lengths (to the closest 0.1 mm). Sex was determined according to the presence of a brood patch and age according to Svensson [30] or, if already ringed, from our previous records of birds. Unringed birds entering our population when in their third calendar year or later were assigned the age of 3 years. Maximum ambient temperature (highest hourly mean between 18.00 and 18.00 on consecutive days) was collected from a weather station in Lund, 20 km from the study site.
Statistical analyses were performed using SAS Enterprise Guide 6.1 (SAS Institute Inc., Cary, NC, USA). The difference between male and female core body temperature was analysed using a pairedsample t-test between parents provisioning at the same nest. To test which variables could explain significant variation in female or male core body temperature, we used mixed-effect models fitted with restricted maximum-likelihood with female or male identity as the random variable. In the original model, we included maximum ambient temperature, female age (2-7 years), day of measurement and brood size as covariates, and experimental category (reduced, control or enlarged brood) and year as fixed factors. We also included the interaction between year and experimental category and year and brood size, and between maximum ambient temperature and experimental category and maximum ambient temperature and brood size. All initial models were reduced by backward elimination of non-significant variables until only significant terms ( p , 0.05) remained. Owing to multicollinearity between brood size and experimental category, we exchanged these variables for each other when they remained in final models and re-fitted models with maximum-likelihood parameter estimation. We then calculated the Akaike information criterion (AIC) for these models, and selected the model with the lowest AIC as final [31] .
Results
We found no significant difference between experimental categories in female mass at nestling day 14 [26] . However, mean nestling mass at the same time differed between categories with nestlings from enlarged broods (mean ¼ 11.3 g; s.e. ¼ 0.15) being significantly smaller than nestlings from both control (mean ¼ 11.8 g; s.e. ¼ 0.13) and reduced (mean ¼ 12.0 g; s.d. ¼ 0.16) broods, whereas nestlings mass between control and reduced broods did not differ [26] .
Males and females had significantly different core body temperature during nestling feeding (t 88 ¼ 3.34; p ¼ 0.0012), with males (mean ¼ 43.468C; s.d. ¼ 0.77) operating at higher body temperatures than females (mean ¼ 43.178C; s.d. ¼ 0.70). Overall, body temperatures during nestling feeding were well above those measured at other times of the year with the highest individual body temperatures greater than 458C (male: 45.408C and female: 45.508C).
The final model for explaining variation in core body temperature within each sex included experimental category (figure 1) in both females (F 2,79.6 ¼ 7.01; p ¼ 0.0016) and males (F 2,92.8 ¼ 5.10; p ¼ 0.0079). Model fit was reduced when experimental category was exchanged for brood size (females: DAIC ¼ 10.1; males: DAIC ¼ 3.6). Females tending both enlarged and reduced broods had significantly higher body temperatures than those tending control broods (figure 1a). In males, individuals feeding an enlarged brood had higher body temperatures than those feeding control broods (figure 1b). Both the female and male models also included maximum ambient temperature and year. The maximum ambient temperature also affected parental body temperature (figure 2) as body temperature increased with maximum ambient temperature in both females ( 
Discussion
All of the hypotheses outlined in the introduction could potentially explain the inability of parents to adequately feed nestlings in enlarged broods. However, as both male and female marsh tits tending such broods were significantly more hyperthermic than those tending control broods, we suggest that the HDL theory is also compatible with our results. We, therefore, propose that hard-working parents seemingly had problems to dissipate excess heat produced during foraging and nestling-feeding flights. In line with this, when estimating energy demands of parents feeding nestlings in the different experimental categories (see the electronic supplementary material, data), we found that parents of control broods had 14.8% lower energy expenditure during the active day than parents of enlarged broods (electronic supplementary material, table S1). The highest recorded body temperature (45.408C and 45.508C; see Results) were almost 28C higher than the assumed hyperthermia threshold (above which all physical activity ceased) in migrating eider ducks (42.68C; [18] ) and comparable with the highest records for passerines in tropical and arid regions [32] [33] [34] .
The most important avenue for dry heat loss in a flying bird is from forced convection, particularly from the sparsely insulated areas under the wing, the head and the legs [35] . Thus, when parents enter a cavity to feed nestlings, their ability to dissipate heat generated during flight is drastically reduced, both as a result of folded wings and of much reduced air flow over the body, compared with flying. By capturing and handling parents in this state, we may have prolonged the period of reduced heat dissipation capacity. However, because our repeated body temperature measures over a 10 s period did not indicate any buildup of a heat load, we do not believe that the handling affected our estimates of core body temperature. Moreover, even if heat dissipation rate is reduced when the bird is not flying, heat production rate should also be considerably lower when the bird is resting inside the nest-box compared to when in flight.
Also parents tending reduced broods had higher body temperatures than those in the control treatment, indicating that there was an increase in heat-generating processes also in this group. This is supported by the fact that females with reduced broods engaged in energy-saving behaviours during the night [26] , by roosting in nest-boxes in higher proportions despite increased perceived predation risk and by entering deeper nocturnal hypothermia than control females (NB: males never roost in nest-boxes in our population). This indicates that these females had spent more energy than control females during the day, precluding them from accumulating enough fat reserves to maintain nocturnal body temperature at normal levels and necessitating behavioural mitigation to further conserve energy [26] .
Which were then the activities or processes that increased heat production in brood-reduced males and females up to the level of parents tending enlarged broods (figure 1)? The high and repeatable diurnal body temperatures were probably not a result of increased feeding effort in reduced broods, because nestlings in these broods (despite being fewer) were not heavier than control nestlings. Parents of reduced broods may perceive the change in brood size as an act of predation, which could potentially result in increased levels of stress hormones, e.g. corticosterone [36] . Increased levels of stress hormones have been found to be associated with increased metabolic rate in mammals [37] and in some birds [38] ; but see [39] . However, parents relieved of feeding duties have also been found to advance their onset of moult to overlap the nestling feeding period [40] . As moult results in a substantial increase in energy expenditure [41, 42] , moulting birds will produce more heat than non-moulting ones (electronic supplementary material, table S1). In fact, our estimates of metabolic rate for parents feeding different brood categories (see the electronic supplementary material, data), revealed that a moulting parent of a reduced brood would expend considerably more energy than a parent tending a control brood (þ9.4%), and only somewhat less than a parent of an enlarged brood (24.9%) (electronic supplementary material, table S1). The effect of an experimental reduction in brood size on parental physiology, as well as its generality, clearly requires further investigation.
This study is, to our knowledge, the first verification of a relationship between ambient temperature and high body temperatures in a passerine at temperate latitudes and under natural conditions. Although such relationships are common in arid and tropical environments (e.g. [32] [33] [34] ), even modest increases in ambient temperatures resulted in an increase in body temperature in hard-working parents also at a temperate latitude. Parents with the highest body temperatures in our study (greater than 458C) were close to predicted lethal levels for passerines (approx. 468C) [43, 44] . Furthermore, birds from arid and hot areas, subjected to very hot environments (greater than 468C) in captive conditions, seem to avoid body temperatures greater than 458C [33, 34] . For example, when the body temperature of birds in a hot and dry environment in Nigeria were measured directly after catching them in mist-nets (i.e. shortly after a terminated flight bout), very few individuals had body temperatures greater than 458C [32] . Thus, hardworking marsh tit parents in temperate areas, attain a heat load comparable of birds living in extremely hot environments. Even though we can only provide correlational support for the HDL theory, it is intriguing that even unmanipulated nestling-feeding marsh tit parents operate at high body temperatures. As shown in our study, a further increase in work rate may increase this already high body temperature to close-to-lethal levels. This indicates that any further increases in work rate could be constrained by an inability to dissipate heat generated by physical work. Further support for the HDL theory comes from the fact that males, on average, had higher body temperatures than females. This is probably not a result of higher feeding effort in males, as we have previously found that female marsh and blue tits (Cyanistes caeruleus, which are closely related, and ecologically similar, species) at the same study site feed slightly more intensively than males [45, 46] . Instead, we propose that females are able to operate at lower body temperatures on account of their unfeathered and richly vascularized brood patch. It is, thus, conceivable that this structure serves as a thermal window that greatly facilitates heat dissipation [19] .
If the HDL theory should function as a mediator of reproductive costs, i.e. underpin the trade-off between current and future reproduction, one would predict both decreased work rate and gradually increased somatic costs as body temperature increases. When animals approach very high body temperatures, work rate may be traded against maintained somatic integrity in both mammals [47] , including humans [48] and birds (eider ducks, [18] ). However, before approaching lethal levels, there is good evidence that increased body temperatures are connected to costs. Even though hyperthermia may confer significant energy-and water-conservation benefits [49] , metabolic rate and evaporation still increases gradually with increasing body temperatures [33, 34] . Thus, hyperthermia is likely to generate metabolic and water costs. Furthermore, biochemical and physiological processes are suggested to be temperature-dependent, and that the rate of various cellular processes has been optimized to normothermic body temperatures [50] . In ectotherms, this is exemplified by marked co-adaptation between body temperature and optimal physiological performance that differs depending on the thermal environment to which animals are adapted [51] . Additionally, levels of stress hormones increase fast with heat stress in vertebrates [52] . Maybe the most commonly described cost of sub-lethal high body temperatures is an increase in the production of reactive oxygen subjects [14] [15] [16] , with downstream consequences such as increased lipid peroxidation [53] . This might explain why high body temperatures have been found to reduce current reproductive success in mammals [54] . Thus, at sub-lethal hyperthermic body temperatures, organisms may have to pay a somatic cost to sustained work rate. The HDL theory may, therefore, constitute one possible mediator of the trade-off between current and future reproduction.
As body temperature is affected by ambient temperature, it is evident that an increase in the latter will force birds to reduce work rate to retain water and to keep body temperature below lethal levels. Failure to do so might explain catastrophic avian mortality events during heat waves (reviewed in [55] ). The incidence of such heat waves is predicted to increase under climate change [56] . However, it is also possible that the present gradual increase in ambient temperatures could affect avian life-history strategies. In our study, we found a consistent increase in body temperature as ambient temperature increased, even in our relatively cold habitat and in already hyperthermic birds. Thus, breeding birds might ultimately be required to decrease work rate when ambient temperature increases to escape increased, hyperthermia-related, somatic cost. This could result in reduced brood sizes or increased nestling mortality, or activity shifts of nestling feeding away from the hottest parts of the day [57] . Any such effects are probably even more pronounced at already warmer latitudes. Ultimately, global warming may, thus, directly select for changes in life-history strategies. In relation to this, it is intriguing that brood size [58] , basal metabolic rate [59] and (especially) peak metabolic rate [60] decrease towards the equator. Yet, decreased feeding effort predicted by our own study may well be compensated for by reduced nocturnal thermogenic costs [26] with increasing ambient temperature at high latitudes.
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